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态系统的养分平衡进行了研究。 结果表明: 在 1993年 4月至 1994年 4月期间 ,通过大气降水进入甜槠
林的养分元素以 N最高 ,为 34. 207kg· h m- 2 ,其余依次为 Ca ( 22. 99kg· hm- 2 )、 S( 12. 722kg· hm- 2 )、
Na ( 6. 679kg· h m- 2)、 K ( 3. 558kg· hm- 2)和 Mg ( 2. 057kg· hm- 2),以 P的输入最低 ,仅 1. 779kg· hm- 2;
由地表径流和地下渗流的养分输出总量 N、 P、 K、 Ca、 Mg、 S、 Na分别为 5. 68、 1. 016、 7. 345、 3. 430、
0. 620、 0. 534、 0. 576kg· hm- 2 ,以 K的输出量最高 , S的输出最少。 其中 ,通过地下渗流的养分损失占输
出总量的 85. 97% ～ 96. 38% ,而地表径流的养分输出仅占总输出的 3. 62% ～ 14. 03% ;在该系统中 , N、
Ca和 S有大量的积累 (分别为 28. 527、 19. 560和 12. 188kg· hm- 2 ) , Mg和 Na有少量积累 (分别为
1. 437和 6. 103kg· h m- 2 ) , P基本上处于平衡状态 ( 0. 763kg· hm- 2 ) ,而 K则为净的输出损失
( - 3. 787kg· hm- 2 )。岩石风化对于该生态系统 K的补偿可能起重要作用 ,而其他养分元素仅通过降水
输入即可得到补充。
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Abstract　 The nutrient balance was determined in a subtropical evergreen broad-leaved f orest
ecosystem in theWuyi Mountains f rom the diff erence between the precipitation input of nutrients
per hectare and the nutrient output via runof f and drainage per hectare. The results show ed that
there were larg e apparent accumulations of nitrogen, calcium, and sulphur, and inputs of mag ne-
sium and sodium f rom the atmospheric precipi tation w ere slightly higher than losses through
leaching. Phosphorus appeared to be in close balance in the forest, but there was a net loss of
potassium during the period of the study.
The weathering of parent material may have played an important role in the potassium econ-
omy of the f orest. For other nut rient s, the fores t could maintain itself on nutrient input from the
atmosphere.
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Precipitation is an important source of nutrient input to f orest ed ecosystems, especially where
rock weathering is slow ( Parker, 1983) . The quality of precipitation falling on forests is dramati-
cally altered during a brief but sig nificant interaction wi th the surfaces of trees, resulting in the
transfer of additional mineral mat ter by throughfall and stemf low to the forest f loor, which may
be important in plant nutrition and soil f ertili ty ( Lov ett et al . , 1984) . Throughfall and stemflow
are also major pathways in nutrient cycling , and the annual nutrient return to the forest soil for
the elements K, Na and S is predominantly via these fluxes( Parker, 1983) . Whereas, nutrients in
an ecosystem could also be exported to the outside via ground runoff and subsurface drainage, and
f or some areas, losses are quit e considerable. Therefore, estimation of the fluxes of element s in in-
cident precipi tation, throughfall and stemflow , and in runoff and drainage is now a routine part of
nutrient budget studies in forest ecosyst ems ( Jordan, 1982) . The need fo r study of f orest precipita-
tion chemistry has taken on added importance as precipitation acidification has increased in recent
decades( Potter et al. , 1991) . Budgets of nut rient inputs and outputs along with rainfall cycling for
undisturbed f orest ecosystems provide a conceptual and empirical framework both for examining
ecosystem function in diverse geog raphic regions and fo r evaluating man 's impact on the natural
landscape( Swank et al . , 1988) .
Studies of nut rient budgets for forest ecosystems hav e receiv ed great attention since as early
as the end of last century, and are now commonplace and increasing in number. In the past, in ter-
est w as directed at ( 1) the quantification of nutrient inputs and outputs under various climates and
in diff erent forests; ( 2) the examination of factors and processes cont rolling nut rient budgets, i ts
seasonality and het erogeneity. Recently, much at tention is being focused on the geochemical impli-
cations of the nutrient balance for fores t ecosyst ems ( Internal causes o r human disturbances) ( Jor-
dan, 1982) .
The nut rient budgets for forests have been s tudied in a number of locations in the world, es-
pecially in populated Europe and America. In China, there are only a few descriptions of this kind,
some of the most ex tensive forests remain unstudied( Li et al . , 1994a) .
In this paper, an evergreen broad-leaved fo rest in the Wuyi Mountains in the Subt ropical Chi-
na was chosen to ( 1) quantif y the f luxes of element s in incident precipitation, runof f and drainage
water, its seasonali ty; ( 2) to examine the unt rient balance f or the ecosystem, and ( 3) to figure out
the implications of the nut rient balance for the ecosys tem.
1　 STUDY AREA
Research was conducted in the Fujian Wuyi Mountains Nature Reserv e, in east-cent ral China
( 27°33′～ 54′N, 117°27′～ 51′E) , f rom January 1993 to April 1994. The study area is in the cen-
t ral part of the Wuyi Mountains, with an average elevation of about 1200m. The climate is mon-
soon subt ropical with a 8. 5～ 18℃ annual mean temperature, and an averag e annual rainfall of
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2096. 6mm. There is considerable monthly and yearly variability in rainfall. The topog raphy con-
sist s of steep and severely rolling hills that rise up to 50 m abov e the surrounding terrain( Li et
al . , 1994b) .
The study plo t was located at the Xianf eng Ridge 10km south-w est of the headquarters of
the nature reserve. The site has a south-east-facing aspect, with the altitude being 1270m, and
slope being 20°. The soil is mountain yellow earth , and 110cm in depth cov ered with a 5cm lit ter
layer. The forest w as an even-ag ed stand of old-grow th dominated by Castanopsis eyrei , and rec-
ogni zed as a subtropical evergreen broad-leav ed f orest ( Heet al. , 1994) , with a continuous canopy
12m in height, and a density of approximately 250 t rees· hm- 2 ( > 10cm DBH) . The understory
was fairly open, consis ting of Eurya loquiana , Rhododendron latoucheae, and Oligostachyum oe-
dogonatum , with a poorly developed herbaceous layer.
2　METHODS
2. 1　 Incident precipitation and the soil water
Incident precipi tation was collected in five plastic narrow-mouth bottles randomly laid in an
open f lat area about 100m from the forest edge. The narrow mouths of the bott les ( 3cm
diameter) acted as convenient proportional samplers, which prev ent ed overflow of the bot tles. This
procedure automatically resulted in v olume-w eighted samples. The mouths were cov ered with a
thin layer of fiberglass wool to prev ent insects from entering the bottles ( Jordan, 1982) . Phenyl
mercuric acetate( PMA) was sprayed into all sample containers to inhibit bacterial grow th ( Pot ter
et al . , 1991) .
Ground runoff and subsurface drainage water were collected in the runoff pool with a water
collecting area of 4m× 5m and surrounded in four sides with plas tic plates hammered deep in the
soil.
Water collection was made for every rainfall event. Chemical analysis was made bimonthly.
Details of the runof f pool, the sampling procedures and methods used for measuring the amounts
of incident precipitation, runoff and drainage, and related results hav e been reported in another pa-
per by Li et al . , ( 1997) .
2. 2　 Chemical analysis
Calcium, po tassium , and magnesium w eredetermined by standard atomic-absorption methods.
Phosphorus was determined by the molybdenum blue colorimet ric procedure. Sulphur was deter-
mined photomet rically. Total nitrogen was analyzed by Kjeldahl digestion method. Sample pH was
measured using a PHS-2C model pH meter.
3　RESULTS AND DISCUSSION
3. 1　 Nutrient inputs f rom atmospheric precipitation
Total amount of a given nutrient entering the system f rom the atmosphere was determined
by multiplying the amount of precipitation by the concentration of the nutrient. Volume-weighted
concentrations in , and annual inputs of nut rients by atmospheric precipitation( f rom April 1993 to
195　 3期 李凌浩: 武夷山甜槠林生态系统的养分平衡研究　　
April 1994) to the forest canopy were summari zed in Table 1.
Table 1　 Annual inputs of nutrients from atmospheric precipitation
Item Precipi tation (mm) pH N P S K Ca Mg Na
Seasonal concentration( mg /L)
1993( March to April ) 425. 88 6. 06 0. 50 0. 00 0. 16 0. 33 0. 50 0. 18 0. 00
1993( May to June) 1488. 11 5. 81 1. 60 0. 01 0. 72 0. 00 0. 54 0. 06 0. 33
1993( July to Aug ust ) 356. 42 5. 28 0. 67 0. 02 0. 15 0. 17 1. 29 0. 00 0. 08
1993( Sept . to Dec. ) 234. 41 6. 60 0. 95 0. 65 0. 13 0. 66 2. 58 0. 08 0. 41
1994( Jan. to Feb. ) 173. 96 7. 40 2. 10 0. 02 0. 28 0. 00 1. 25 0. 12 0. 30
Volum e-weighted
Concen tration (mg /L) 2678. 78
*
5. 95 1. 28 0. 07 0. 48 0. 13 0. 86 0. 08 0. 25
Annual inpu t( kg· hm- 2 ) 34. 207 1. 779 12. 722 3. 558 22. 99 2. 057 6. 679
* Total amount of precipi tation in the research year.
The chemical composition of precipitation in the area was dominated by nit rogen, calcium and
sulphur. Annual inputs of phosphorus, calcium from precipitation in our research sit e w ere much
higher, and potassium was less than that reported in other subt ropical areas in China ( Table 2) .
Inputs of ni trogen and sulphur were lower than those in the nearby areas( Zhang , 1993) , but higher
than the rest areas . Mag nesium wasqui teapproximate to theav eragevalue (2. 342±0. 283kg· hm- 2,
n= 5) in five different subtropical areas. All the nut rients were within the range of values pub-
lished in a summary of nutrient inputs in the subtropical China ( Li, 1993) . The high level of nutri-
ent inputs was mainly due to the high quanti ty of atmospheric precipitation in the research area.
Table 2　 Annual inputs of nutrients f rom precipitation in other tropical or subtropical
areas in China(k g· hm- 2 )
　 Location Precip. ( mm ) N P S K Ca Mg Reference
Fenyi, Jiangxi 1591 60. 65 0. 24 10. 67 11. 72 2. 85 Sun, 1988
Jianfengling, Hainan 1693 5. 59 1. 69 12. 02 13. 03 7. 71 Lu , 1986
Huitong, Hunan 1065 4. 90 0. 52 9. 56 13. 92 3. 19 Pan, 1989
Hang zhou, Zhejiang 1581. 5 16. 5 0. 47 11. 86 35. 47 2. 09 Xu, 1996
Cen tral Yunnan 721. 9 5. 13 0. 22 4. 51 7. 87 2. 31 Liu W, 1991
Xishuangbanna, Yunnan 1092. 4 10. 10 0. 51 9. 2 12. 90 8. 71 Wang , 1984
Ailao Moun tains, Yunnan 1860 14. 18 0. 12 0. 08 1. 49 1. 18 Gan, 1996a
Sanming, Fujian 2924 93. 37 0. 51 67. 4 10. 66 14. 12 2. 43 Zhang, 1991
　　 The forest soil in the area was generally lacking in phosphorus and sulpher. Whereas these
nutrients can be greatly replenished by the input via precipitation deposition. Therefore, nutrient
inputs of atmospheric precipi tation may play an important role in sustaining soil f ertility and t ree
nutrition, and in maintaining the nut rient balance in the forest ecosys tem. Inadequate input of
potasisum from precipi tation also giv e rise to the necessity to further examine the soil supply and
budget of this element in the ecosystem.
Nutrient depositions f rom precipi tation exhibited strong seasonality in this area ( Fig. 1) . This
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f luctuation was primarily due to the seasonality in the quantity of precipitation. It can be noticed
that seasonal patterns of the nutrient input f or most elements w ere highly in accordance with the
seasonal change in the amount of precipitation. Seasonal changes in nut rient concentrations for ni-
t rogen, sodium and potassium were striking, but a bit irregular. The seasonal change f or calcium,
mag nesium and phosphorus exhibi ted an opposite trend with that in the quantit y of precipi tation,
i. e. , high concent rations in dry seasons and vice versa , which has been observ ed by many other re-
searchers( Liu et al . , 1991) . The seasonal change for shlphur showed the same t rend with that in
the quantity of precipi tation, namely high concentrations in rainy seasons.
Fig. 1　 Seasonal changes in nutrient deposi tions from precipitation in the Wuyi Mountain s
3. 2　 Outputs of nutrients via runoff and drainage
Nutrients exported f rom the ecosystem along w ith the precipitation cycling w ere mainly
via g round runof f and subsurface drainage w ater, the quantity of which w as the product of
the concentration of nutrients in the soil water ( Runof f and drainage) and the amount of w a-
ter flowing off on the forest f loor and draining f rom the ecosy stem respectiv ely. Volume-
w eighted concentrations of nutrients in the soil w ater and annual outputs of dissolved con-
sti tuents f rom the forest ecosystem w ere given in Table 3.
Table 3　 Nutrient concentrations and outputs in ground runoff and soil drainage inC.eyrei forest
Item Amoun t(mm ) N P K Ca Mg S Na
Runof f 　　 11. 6
Volume-weigh ted concentrat ion( mg· L- 1 ) 4. 32 0. 322 6. 268 1. 068 0. 754 0. 431 0. 504
Annual output ( kg· hm- 2 ) 0. 50 0. 037 0. 727 0. 124 0. 087 0. 050 0. 058
Drainage 　　 109. 32
Volume-weigh ted concentrat ion( mg· L- 1 ) 4. 70 0. 896 6. 054 3. 024 0. 488 0. 443 0. 414
Annual output ( kg· hm- 2 ) 5. 18 0. 979 6. 618 3. 306 0. 533 0. 484 0. 518
Total annual output ( kg· hm- 2 ) 5. 68 1. 016 7. 345 3. 430 0. 620 0. 534 0. 576
　　 It can be seen that concentrations of all the nutrient s except sulphur in both runoff water and
drainage water were higher than that in atmospheric precipitation. Concentrations for potassium,
phosphorus and magnesium were considerably higher, and 46, 4 and 8 times g reater in runoff wa-
ter, and 44, 14 and 5 times greater in drainage water respectiv ely than in atmospheric precipita-
tion. For other nutrients, the increases in concent rations w ere between 0. 24 to 3 times in runoff
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water, and 0. 9 to 3 times in drainage water. In contrast, the concentration of sulphur decreased
slightly in both runoff and drainage water. By comparing with the concentration in throughfall
water, w e speculated that sulphur in water percolating the lit ter and humus layer on the soil sur-
face was likely immobilized by the forest floo r and soil biota or taken up by root mycorrhizal com-
plex. Potassium is known to be highly mobile. Here, pref erential base exchange in the soil and the
biological decomposition of li tter undoubtedly played major roles. The research site was character-
ized by high rates of rock w eathering and lit ter decomposition due to favorable climat e conditions
(Well developed lit ter layer, high rainfall and t emperature all the year round) . Because of the mi-
crotopog raphy, loose soil st ructure, and absence of f rozen g round during the winter, virtually all of
the drainage water can pass through the soil. The intimate contact afforded by this passag e en-
hanced the release of potassium into drainage water. Significant increase in the concentration of
potassium in runoff water had been reported by Liu et al . ( 1991) for an evergreen broad-leaved
f orest in Yunnan ( 34 times) . In a comparativ e experiment (Wi th and without lit ter layer treat-
ments) , he f ound that this increase was largely from li tter layer washing. The accumulation of
other nut rients in the soil water was likely caused by both the canopy leaching and the lit ter layer
washing.
Concent rations in runoff water for Ni trogen, sulphur, sodium and potassium w ere in general
agreement with concent rations in drainage water, and for calcium and phospho rus were sig nifi-
cantly lower, and for magnesium in runoff water was higher than in drainage water.
Total annual outputs of nutrients via the soil water f rom the forest ecosystem ranged f rom
0. 53kg· hm- 2 for sulphur to 7. 35 kg· hm- 2 for potassium, of which 85. 97% ～ 96. 38% was via
g round runof f pathway , and 3. 62% ～ 14. 03% via subsurface drainage. This dif ference was mainly
due to the difference betw een the amount of runoff and that of drainag e.
3. 3　 Nutrient budget
A nut rient budg et of dissolv ed constituents for theC . eyrei forest ecosystem was determined
f rom the diff erence between the precipitation input of nut rients per hectare and the runof f and
drainage output per hectare( Likens and Bormann, 1967) . Annual nutrient budg ets for the ecosys-
t em showed that there w ere large apparent accumulations of nit rogen, calcium and sulphur. For
mag nesium and sodium, the input f rom the atmospheric precipitation was slightly higher than the
loss through leaching , but therewasa net lossof potassium during the period of the study ( Table 4) .
Phosphorus, which is known to be immobile and st rongly conserved by forest ecosyst ems( Swank,
1988) , appeared to be in close balance ( Annual net loss or gain less than 1 kg· hm- 2 ) in the f orest
w e studied.
Table 4　 The nutrient balance of theC .eyrei forest ecosystem ( kg· hm- 2 )
　 Item Amoun t( mm ) N P K Ca Mg S Na
Total input by precipi tation 2678. 78 34. 207 1. 779 3. 558 22. 99 2. 057 12. 722 6. 679
Total output by runof f and drainage 120. 92 5. 68 1. 016 7. 345 3. 430 0. 620 0. 534 0. 576
Balance of input and ou tput 28. 527 0. 763 - 3. 787 19. 560 1. 437 12. 188 6. 103
Ratio of ou tput to input 0. 16 0. 57 2. 06 0. 15 0. 30 0. 04 0. 09
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　　 In cont rast to our research, quite similar results in the nutrient budg et studies conducted in
other subtropical areas in China have been reported. The nutrient budget for an evergreen broad-
leaved forest in Yunnan show edan annual net gain of nit rog en( 9. 820kg· hm- 2 ) , nearly balanced
phosphorus(+ 0. 07kg· hm- 2 ) ,calcium(- 0. 534kg· hm- 2) , magnesium( - 0. 430kg· hm- 2 ) , and a
net loss of potassium ( - 2. 113kg· hm- 2 ) ( Gan, 1996b) ; For a montane subt ropical rain f orest
ecosystem in Hainan, apparent net gains of nit rogen ( 6. 08kg· hm- 2 ) , calcium ( 12. 77kg· hm- 2 ) ,
mag nesium ( 1. 24kg· hm- 2 ) , a balance of phosphorus ( 0. 18kg· hm- 2 ) , and a larg e net loss of
potassium ( 29. 42kg· hm- 2 ) were observ ed( Zhou et al . , 1994) .
3. 4　 Implications of the nutrient balance
In a hypothetical steady state fo rest w here t ree g row th is exact ly balanced by tree mor-
tali ty , the standing stock of nutrients in the fo rest does not change. If nut rient input into this
forest via precipi tation was exactly balanced by leaching runof f , this w ould mean that there
w as no net leaching of parent material. In contrast , if leaching w as greater than precipitation
input , the difference w ould have to be compensated for by wea thering if the system stays in
real steady state ( Jordan, 1982) . In forests that are successional, nut rient input into the
ecosystem from precipitation could exceed leaching, since the biomass and i ts associated pools
of nut rients are increasing in size (Vi tousek et al . , 1975) . In mature forests with short-term
f luctuations where periodic tree falls result in flushes of nutrient losses, or in long-term but
f luctuating steady state w here t ree falls are balanced by tree g row th over the long-term, the
precipi tation input of nut rients could possibly exceed the leaching output to compensate for
the temporary losses also.
In the C. eyrei forest ecosystem w e studied, there was a negative balance betw een the
precipi tation input and the leaching output of potassium. There must be some potassium re-
lease to the ecosy stem due to the weathering of parent material. Otherwise the standing stock
of the nutrient in the ecosy stem has to be degrading. In fact, there was no evidence that the
forest w as deg rading. On the other hand, net g ains of nit rogen, calcium, sulphur and magne-
sium in the ecosystem meant that w eathering of parent material did no t play an impo rtant
role in the economy of these nutrients for the fo rest, since the system was clearly a mature
forest wi th short-term periodic t ree falls and not g etting bigger, and all these nutrients could
be replaced through the input f rom the atmosphere. In contrast to other nutrients, the phos-
phorus balance fo r the ecosystem also indicated that rock weathering w as not contributing to
the phosphorus economy of the system. Therefore, in the C. eyrei fo rest ecosystem , the bud-
get of nut rients provided a conserv ativ e measurement of g eochemical w eathering.
Since the nutrient budget w as so closely tied to the hydrological budget , the high inter-
ception rate of precipita tion and low runoff and drainage w ater in theC .eyrei forest ecosys-
tem were also responsible for the low outputs of nut rients, showing the st rong hydrological
effects of the sy stem.
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4　CONCLUSION
A study of the annual budget of nutrients f or the C. eyrei f orest ecosystem in the Wuyi
Mountains show ed that there w ere large apparent accumulations of nitrog en, calcium, sulphur, and
inputs of magnesium and sodium f rom the atmospheric precipitation were slightly higher than
losses through leaching. Phosphorus appeared to be in close balance in the f orest , but there was a
net loss of potassium during the period of the study. The weathering of parent material may have
played an important role in the potassium economy of the forest. For other nut rients, the f orest
could maintain itself on nut rient input f rom the atmosphere.
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本表中 1996年的影响因子是在对中国科学引文数据库 1994～ 1995年的来源期刊作了统计后编制而成。由于计算
影响因子受到期刊发文量数据的限制 ,因此 ,本表中只对能在中国科学引文数据库获得发文量数据的 315种期刊作了
统计。1996年新增加的 267种来源期刊因无发文量数据而未作统计。
4.本着尊重原始数据的原则 ,本表对变名期刊未作任何合并处理。
201　 3期 李凌浩: 武夷山甜槠林生态系统的养分平衡研究　　
